hydrogen bonding and ionic strength are important parameters that can affect the reactivity ratios of monomers. Moreover, microstructure of copolymers was determined using reactivity ratios and conditional probability based on the kinetic model for free-radical polymerization.
Introduction
Copolymerization is one of the effective methods in improving polymer properties. Composition of copolymer is important because it determines final polymer characteristics. Monomer reactivity ratios could be applied to calculate copolymer composition [1] [2] [3] [4] [5] [6] . Generally, reactivity ratios are determined in low conversions to avoid composition variation effects. It is known that evolution of monomer concentration is not an easy task in high conversions. Traditionally, reactivity ratios are calculated in two steps. First, instantaneous composition relationship is converted to a linear equation. Then, associated parameters are computed via graphical method or linear regression [4] . Mayo-Lewis ( ML ), Finemann-Ross ( FR ), Inverted Finemann-Ross ( IFR ), Ezrielev-Brokhina-Roskin ( EBR ), Kelen-Tudos ( KT ), Extended Kelen-Tudos ( EKT ), [4] [5] [6] [7] and Mao-Huglin ( MH ) [7] [8] are the most applicable linear methods. Tidwell-Mortimer (TM ) [6] [7] is the most important nonlinear method.
Water soluble polymers based on acrylamide and acrylic acid have shown significant industrial applications. These polymers and their copolymers are used as flocculants, viscosity-control agents for enhanced oil recovery, thickening agents, drainage and retention aids in the paper manufacturing [9] [10] [11] [12] [13] [14] [15] . Precipitation (dispersion) polymerization is a heterogeneous reaction that could overcome the solution and bulk polymerization problems, such as gel and cage effects. In this method, reactions start in a homogeneous mixture of solvent, monomer and initiator (continuous phase). However, produced polymers, with chain length more than a critical value, are not soluble in the continuous phase and aggregate to form a separate polymer particle. Then, the reaction medium is heterogeneous at the end of reaction [13] [14] [15] [16] [17] [18] [19] . Therefore, this method is an attractive reaction that produces polymers that can be used without any further process.
Many researchers determined monomer reactivity ratios of acrylamide and acrylic acid in different polymerization conditions [20] [21] [22] [23] [24] . Moreover, effect of various parameters such as temperature, initiator concentration, solvent type and pH in aqueous solution was investigated, too.
Rangaraj et al [20] conducted solution copolymerization of acrylamide and acrylic acid in aqueous solution in the presence of potassium persulfate, as initiator. They reported 0.427 and 0.945 for acrylamide and acrylic acid, respectively, by kelenTudos method and 0.463 and 1.092 by Fineman-Ross method.
Effect of pH on reactivity ratios of acrylic acid and acrylamide in aqueous media was investigated [21] [22] . The reactivity ratios depend on the pH value. Paril et al studied acrylamide/acrylic acid copolymerization by the automatic continuous online monitoring of polymerization (ACOMP) method. They carried out two sets of reaction at 5 = pH and 2 = pH . Monomer reactivity ratios were determined at high conversion by error in variable method. The reactivity ratios at 5 = pH were measured as 1.88 and 0.8 for acrylamide and acrylic acid, respectively, however, the reactivity ratios of acrylamide and acrylic acid were found as 0.16 and 0.88 at 2 = pH [21] . Rintoul et al investigated influence of polymerization parameter such as pH, monomer and initiator concentrations and magnetic field on the reactivity ratios of acrylamide and acrylic acid [22] [23] . They observed that reactivity ratio of AM was increased from 0.54 to 3.04 by increasing pH value from 1.8 to 12; contrarily, the reactivity ratio of acrylic acid was decreased from 1.48 to 0.32. Increasing total monomer concentration leads to decrease of reactivity ratios of acrylamide and acrylic acid, while reactivity ratios are constant by variation in initiator concentration. Moreover, they observed that monomer consumption rate increases by applying magnetic filed. However, the application of magnetic filed during the copolymerization does not affect the copolymer composition and monomer reactivity ratios. It is also observed that electrostatic interactions between monomers and growing radicals dominate over magnetic field [22] .
Chapiro et al investigated solvent effect on reactivity ratios of polar monomers such as acrylic acid and acrylamide [24] . They could not be able to get any meaningful correlation between copolymer composition and dielectric constants of solvents and any excepted influence of the solvents that may exert on the complicated equilibrium between the various associated species of acrylamide and acrylic acid.
In this research, precipitation copolymerization of acrylamide and acrylic acid was conducted in ethyl acetate as solvent and α-α'-Azobis(isobutyronitrile) ( AIBN ) as initiator at 65 0 C. Monomer reactivity ratios of acrylamide and acrylic acid were calculated at low conversions by linear and nonlinear methods. Various methods were applied in this work in order to consider the consistency of results. The obtained values were compared with reported reactivity ratios for other polymerization methods. The copolymer structure was determined by obtained reactivity ratios in this work.
Results and discussion
The infrared spectra were used to identify the chemical compositions of the copolymers. The FTIR spectrum of copolymer 3 S (See Table 7 ) is presented in Figure 1 . 
S
is shown in Figure 2 .
). Therefore, these data indicate that copolymerization had been carried out successfully.
Fig. 1. FTIR spectrum of (
Elemental analysis was used for determining of nitrogen contents in the copolymers. Mole fractions (mol %) of monomer in copolymers were calculated according to the following equation (1):
where 2 M is the molecular weight of acrylic acid units, N A is the nitrogen atomic weight, B is the nitrogen content in the copolymers (wt%), and
( 1 M is the molecular weight of acrylamide unit) [25] . Computed nitrogen contents of copolymers and AM compositions are shown in Table 7 .
Fig. 2.
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In addition to elemental analysis, copolymer compositions of poly(
) were determined by CNMR method. This method is not appropriate for this copolymer, because polymer solubility was decreased by increasing AA mole fraction in the copolymers [26] . So it is not possible to determine, accurately, AA mole fraction in the copolymers. It was not possible to solve this problem by increasing temperature or increasing scanning time in NMR analysis.
The Finemann-Ross equation (FR) is one of the simplest methods to linearize the instantaneous copolymer composition equation:
. f is molar ratio of acrylamide to acrylic acid in the feed and F is the molar ratio of acrylamide to acrylic acid in the copolymer. Figure 3 shows the plot of the FR equation. Moreover, inverted The effect of conversion is considered in the Extended Kelen-Tudos equation. The partial molar conversion (θ ) of monomers could be obtained from the following equations:
where W is the total monomer conversion (by weight) and μ is the molecular weight ratio of AA to AM . Tab. 1. Parameters for calculation of reactivity ratios in EKT method. . The results are presented in Table 2 . The Tidwell-Mortimer (T-M) is a non linear method to determine monomer reactivity ratio. This method is application of non linear regression procedure on copolymer composition versus monomer composition in feed plot. So the sum of the squares of the difference between the measured and computed polymer composition is minimized [7] . The method consists of initial estimates of AM r and AA r and computes the sum of squares of the difference between the measured and computed polymer composition. The summation is minimized by iteration to yield reactivity ratios. [7] The values of iterations have been given in Table 3 . The amount of AM r and AA r were determined to be 0.46 and 0.28, respectively. It is observed in Table 4 that AM r and AA r are less than 1. Therefore, the cross propagation reactions are preferred to homo propagation ones. The value AA r of is less than AM r , which shows that AA has less reactivy than AM .
Tab. 2. Results of reactivity ratio using the

Tab. 4.
Results of monomer reactivity ratios calculated using various methods. For further investigation, polymerization was conducted at three different monomer feed composition. Figure 8 shows polymerization yield vs. time. It is observed that rate of polymerization was decreased when AA mole fraction was increased in the feed. Hence, AA monomer is less reactive than AM . Thus AM content is more than AA content in the copolymer.
Methods
AM
AA r r × is approximately 0.129 which means copolymer is an alternative one. Table 7 shows comparison among reactivity ratios of AM and AA in ethyl acetate with other solvents, reported by Chapiro et al [24] . It appears that reactivity ratio of AM in some of the solvents such as benzene and dioxin is more than 1.0 while reactivity ratio of AA is less than 1.0. In the solvents such as DMF and water reactivity ratio of AM is less than one and reactivity ratio of AA is more than one. Hence, copolymers produced in these solvents are random. f , is given in Figure 9 . The molar fraction of AM in the copolymer in other solvents [24] is also given in this figure. Polymerizations in some of the solvents such as methanol, benzene were heterogeneous. It could be seen that copolymers have alternative tacticity with azeotropic mole fraction in the most solvents. The value of AM mole fraction in the azeotropic point is calculated according to following equation:
AM Mole fraction at azeotrope point is 0.57 in ethyl acetate, 0.6 in methanol, 0.51 in the bulk situation and 0.25 in the acetic acid. Furthermore, copolymerization in the ethyl acetate has more deviation from ideal copolymerization in contrast to the other solvents. Comparison of reactivity ratios of AM and AA in the four solvents shows that AM content of the copolymer chains in the ethyl acetate is higher than that of methanol, acetic acid and bulk polymerization before azeotropic mole fraction. However, after azotropic point, the rate of AM consumption in ethyl acetate is higher than that of acetic acid but less than that of methanol and bulk polymerization. Not only AA but also AM forms hydrogen bonded association complexes and the compositions of the resulting copolymers depend strongly on the solvent [21] . Examining reactivity ratios of monomers in the various solvents, reveals that there is no simple correlation between copolymer composition and solvents. According to Table 5 , dielectric constant of the solvents does not affect on the reactivity ratios. It is observed that both acetic acid and ethyl acetate have the same dielectric constant, but reactivity ratios of AM and AA are 0.55 and 0.85, respectively, in the acetic acid while are 0.46 and 0.28 in the ethyl acetate. It could be attributed to the ionic nature and existence of hydrogen bond. In the acidic medium, such as acetic acid, AM content in the copolymer chains decreases due to increase electrostatic repulsion between the protonized AM monomer and polymer chains. In the ethyl acetate hydrogen bonding between acrylic acid and solvent is stronger than acrylamide and solvent hydrogen bond. Thus AA content in the polymer particle decreases and it remains in the continuous phase (solvent).
AM AA/
Copolymer structure could be determined by obtained reactivity ratios ( AA r , AM r ). Figure 10 shows the probability values for growing copolymer radical chain, i.e. probability that a growing radical chain with terminal AM monomer will react with AM , Figure 10 , to have the same probability of AA and AM monomers to growing radical chain with terminal AM , the molar function of AM in feed would be approximately 0.7. (18) Figure 13 shows influence of AM mole fraction in the feed on the m values of AM and AA in the copolymers. It is observed, the higher the proportion of monomer in the feed leads to the larger average sequence length. It also could be seen that AM monomer forms sequences longer than AA in the copolymer. 
Conclusions
Precipitation copolymerization of AM and AA was carried out at 65 0 C in the ethyl acetate. Copolymer composition was determined by elemental analysis. Monomer reactivity ratios of AM and AA were estimated using linear and nonlinear methods at low conversions. Results of all methods are same, that shows the consistency of results. The values of reactivity ratios of AM and AA are obtained 0.46 and 0.28, respectively. This means that the reactivity ratio of AA is less than that of reactivity ratio of AM and AM content is high in copolymer chains. The strong hydrogen bonding between AA and ethyl acetate caused to decrease AA entrance in the copolymer chains. Comparison of reactivity ratios of AM and AA in the various solvents shows that some parameters such as hydrogen bonding, ionic strength affect on the reactivity ratios in the copolymerization reactions. The copolymer structure was determined using calculated reactivity ratios.
Experimental part
Acrylamide (Merck) and acrylic acid (Fluka) were used as monomers without further purification. AIBN (Merck) and hydroquinone (Merck) were recrystallized in methanol before use. Ethyl acetate (Merck) was used as solvent without purification.
Copolymerization of AA with AM in ethyl acetate was carried out according to Table  6 . Copolymerization was conducted in five various monomers compositions. Table 7 gives AM mole fraction. Necessary amount of AM AA/ was measured and dissolved in the ethyl acetate. A three necked round bottom flask was used as reactor. This flask was equipped with a magnetic stirrer, a thermometer, condenser and nitrogen inlet. Monomers and solvent mixture was bubbled with nitrogen for 35 min at room temperature prior starting polymerization to remove any dissolved oxygen. Then, the solution was heated as quickly as possible to desired temperature and initiator (solution of 0.05 g AIBN in 2ml ethyl acetate) was added into the reactor. The polymer particles precipitated several minutes after initiator adding. The reaction was stopped at low conversion by adding inhibitor solution (2 w% of hydroquinone in ethyl acetate). The reactor was cooled and 50cc ethyl acetate was added to reaction medium to extract dissolved residual monomer in the medium. Precipitated polymers were separated from solvent by filtration. The filtrate (polymer product) was washed a couple of times with fresh methanol and acetone, and was dried in a vacuum oven at 1mmHg and 50 0 C until constant weight was achieved. A synthetic scheme for ) / ( AA AM copolymer is illustrated in scheme 1. All copolymers were prepared under mentioned procedure.
Scheme. 1. Copolymerization of AM and AA in ethyl acetate.
Monomer conversion was determined by the weight ratio of the polymer formed to initial monomers. Elemental analysis was performed with CHNOS analyzer (Perkin Elmer instruments, model Series II 2400, USA). 13 CNMR spectra of the copolymers were carried out on a Bruker Avence 400 NMR spectrometer (Bruker Instruments, Darmstadt, Germany). The samples were dissolved in D 2 O. Fourier transform infrared (FTIR) spectra of the polymers (in KBr pellet) were recorded with FTIR (Perkin Elmer GX spectrometer in the 4000-400 cm -1 range were scans were taken at 4 1 − cm resolutions).
